In-gel competitive reassociation (IGCR) is a method of differential subtraction to enrich polymorphic DNA restriction fragments between two DNA samples without probes or specific sequence information. Here, we show that by combining IGCR and expressed sequence tags (EST) array hybridization, polymorphic DNA fragments associated with genes in complex higher organisms (Arabidopsis thaliana) can be effectively screened, demonstrating that this procedure offers a simple and efficient way to obtain gene-associated polymorphic DNA markers.
Polymorphic DNA markers are very useful tools for tracing genetic traits that affect phenotypes as well as for studying biological diversity among species. Construction of polymorphic DNA marker libraries or databases, therefore, is considered to be the next important step after the genome sequences of major model organisms are determined. At present, however, random shotgun sequencing is the strategy of choice for identifying polymorphic markers. We previously reported that highly extensive polymorphic DNA libraries could be constructed without probes or specific sequence information by employing a differential subtraction procedure that is based on in-gel competitive reassociation (IGCR) (Inoue et al. 1996) . Considering the importance of collecting geneassociated polymorphic DNA markers in various aspects of genome-wide studies, we show here, by a combination of IGCR and expressed sequence tags (EST) (cDNA) array hybridization, an effective strategy to screen gene-associated polymorphic DNA markers in complex genomes using two strains of the higher plant, Arabidopsis thaliana, as a model.
RESULTS

In-Gel Competitive Reassociation (IGCR)
To screen DNA fragments with restriction fragment length polymorphism (RFLP) between two complex genomes, we first performed IGCR for differential subtraction of polymorphic DNA fragments between the genomic DNA of two strains of the higher plant A. thaliana; the Landsberg erecta strain (as target), and Columbia strain (as reference) (Fig. 1) . As the control, we employed the same IGCR procedure using Landsberg erecta DNA as both target and reference DNA and used the library as the standard for the enrichment of RFLP fragments. Although the entire genome sequence of the Columbia strain has been determined (The Arabidopsis Genome Initiative 2000), that of the Landsberg erecta strain has not yet been completely determined. To monitor the efficiency of enrichment, a single copy adenovirus-2 DNA was added to the target Landsberg erecta genomic DNA. Electrophoretic patterns of Taq I-digested Columbia and Landsberg erecta genomic DNA as well as control and IGCR subtraction samples are shown in Figure 2A . The adenovirus-2 fragments added to target DNA were actually enriched 3-to 20-fold in IGCR sample compared with the control sample (Fig. 2B) , indicating that the differential subtraction was successfully carried out under the condition described above.
EST Macroarray Hybridization
To screen specific polymorphic DNA fragments associated with genes among the IGCR sample, we performed EST (cDNA) array hybridization (Asamizu et al. 2000) employing two sets of DNA samples, the IGCR and control sample (see above), as probes for hybridization. After hybridization, ratios of the signal intensities of each spot obtained with the IGCR DNA probe to the control DNA probe (IGCR/control) were determined. It is expected that if a polymorphic DNA fragment associated with a specific EST is enriched by IGCR, the IGCR DNA probe would give higher signal intensity compared with the control DNA probe for the specific EST spot. A portion of the arrays, which contained 480 ESTs, was used for the experiment (each in duplicate, see Fig.3A ) and calculated the average ratios (IGCR/control) of the intensities for each of the duplicated EST spots. All the EST spots were renumbered from 1-480 and are shown diagrammatically in Figure 3B in order of signal intensity from the highest ratio to the lowest.
Analysis of Differentially Hybridized ESTs
To examine whether differentially hybridized ESTs with higher IGCR/control ratios were actually the result of the enrichment of the corresponding gene-associated polymorphic DNA fragments, we performed Southern hybridization using some of the EST inserts as probes against Taq I treated genomic DNA of both Landsberg erecta and Columbia strains, as well as against the IGCR and control DNA samples. EST clones that belong to three categories in respect to the IGCR/control ratios were used as probes; five clones that gave the highest signal ratios (clones 1, 3, 4, 5, and 6; average ratio 3.92), five clones randomly selected from a group that gave relatively high ratios (11, 12, 13, 14, 27 , and 32; average ratio 2.35) and 10 clones randomly selected from a group that gave virtually no increase in relative intensity (52, 85, 116, 241, 263, 316, 337, 366, 445, and 468 ; average ratio 1.12) ( c and d) . These results show that IGCR is very effective in screening polymorphic DNA fragments, and that EST macroarray hybridization allowed us to identify genes associated with individual polymorphic DNA fragments. Sequence analysis of these gene-associated polymorphic clones showed that six clones possess single-point mutations at the Taq I recognition site (Nos. 1, 3, 6, 13, 27, and 337); four have insertion-deletions (Nos. 11, 14, 32, and 366) and two have both a point mutation at the Taq I site and insertion-deletions (Nos. 5 and 12).
DISCUSSION
Although all the polymorphic fragments examined in this study showed clearly recognizable RFLP bands by Southern hybridization, we found that RFLP fragments different in only several base pairs (406 bp versus 398 bp, data not shown) could be enriched, indicating that RFLP fragments derived from small insertions and deletions can also be effectively screened. Gene-associated polymorphic DNA marker libraries may become even more extensive by constructing similar DNA libraries derived from genomic digests produced by other restriction enzymes.
In theory, similar differential subtraction procedures, like RDA (Lisitsyn and Wigler 1993; Rosenberg et al. 1994) , can be applied for the same purpose as presented here. IGCR, however, offers more versatile applications in constructing RFLP DNA marker libraries, particularly from organisms with highly complex genomes, as reassociation in the gel, rather than in solution, not only avoids illegitimate reassociation between DNA fragments carrying similar, but not identical, base sequences, but also substantially increases reassociation efficiency, which is critical in dealing with complex genomes.
Because the size of the EST used in this study is ∼1.2 kb, and the average size of restriction fragments produced by 4-base cutters is 256 bp, the frequency of the Taq I site in the EST is estimated to be 4.7 Taq I sites per EST (1200/256). If all the EST clones showing relatively high signal intensity ratios (>2) are associated with RFLP fragments, ∼10% of the ESTs should contain RFLP fragments (Fig. 3B) , indicating one polymorphism per 47 Taq I sites. This corresponds to one polymorphism per 188 bp (4 ‫ן‬ 47). This estimate is roughly the same as the observed frequency of polymorphisms in the two strains (Chang et al. 1988; Bergelson et al. 1998) .
In summary, we showed that polymorphic DNA fragments associated with genes can be effectively screened by combining IGCR and EST array hybridization. The procedure is relatively simple and effective, as evidenced by the observation that almost all ESTs that gave stronger signals by the IGCR DNA probe than by the control probe were associated with polymorphic DNA fragments. This would be particularly useful in obtaining gene-associated polymorphic (RFLP) DNA marker libraries between two related organisms in which either one or both of the genomic sequences are not well understood.
METHODS
Genomic DNA and the Adaptors
Genomic DNA of two A. thaliana strains, Columbia and Landsberg erecta, were kindly supplied by Dr. N. Sakurai and Dr. D. Shibata (Kazusa DNA Research Institute). Two Taq I adaptors (A and R) were used for PCR amplification of whole genomic
DNA. The adaptors were prepared by anneali n g s y n t h e t i c o l i g o n u c l e o t i d e s 5 Ј -A A A T G G A T C C T T G C G G C C G C A T 3Јand 5Ј-CGATGCGGCCGC-3Ј
for adaptor A and 5Ј-AGCACTCTCCAGCCTCTCACCGAT 3Јand 5Ј-CGATCGGTGA-3Ј for adaptor R. The 5Ј-AAATGGATCCTTGCGGCCGCAT-3Ј and 5Ј-AGCACTCTCCAGCCTCTCACCGAT 3Ј were used as PCR primers for adaptor A and R, respectively.
IGCR Procedure
The IGCR procedure was modified from the original report (Inoue et al. 1996) as described below and is shown diagrammatically in Figure 1 . Genomic DNA of the two Arabidopsis strains (Landsberg erecta as target DNA and Columbia as reference DNA) was digested with Taq I. Taq I-digested adenovirus-2 DNA (60 pg, equivalent to a single copy, Life Technologies, Inc.) was added to the Taq I-digested Landsberg erecta DNA (200 ng) as a marker to monitor the enrichment of polymorphic DNA fragments. The Landsberg erecta DNA (with adenovirus-2 DNA) and Columbia DNA digests were ligated to adaptor A (10 pmole to each 10 ng of DNA) and were PCR amplified using primer A (60 pmole) in a 50-µL reaction under the following cycling conditions: 72°C for 5 min, then 10 amplification cycles (94°C for 20 sec, 68°C for 10 min), followed by a final extension at 68°C for 10 min. The amplified DNA was digested with Taq I again and purified by Qiaquick PCR purification kit (Qiagen). The PCRamplified Columbia genomic DNA (20 µg) was dephosphorylated by bacterial alkaline phosphatase (5.6 units) in a 400-µL reaction, that contained 150 mM Tris-HCl (pH 8.0) and 10 mM MgCl 2 at 56°C for 1 h. The resulting solution was then phenol-extracted and the DNA precipitated with ethanol. To ensure complete dephosphorylation, the dephosphorylation step was repeated twice more. The Landsberg erecta DNA (100 ng) was mixed with 10 µg of the dephosphorylated Columbia DNA, and electrophoresed on an agarose gel (4% agarose, Nakalai Tesque, Japan) at 120 V for 5 h in TAE buffer. A portion of the gel containing ∼0.2-to 1.0-kb DNA fragments was excised and soaked twice in DNA denaturation buffer (0.5 M NaOH, 0.9 M NaCl) at 45°C for 45 min. The gel was then incubated four times at 45°C for 20 min each in a fresh reassociation buffer containing 50% formamide, 50 mM Tris-HCl (pH 8.0), 0.9 M NaCl, 10 mM EDTA, 10% polyethylene glycol 8000, then further incubated in the same buffer at 45°C for 35 h and washed five times with TAE buffer at room temperature for 20 min. DNA was recovered from the gel in a dialysis bag by electroelution and purified using the Qiaquick PCR purification kit (Qiagen). The DNA (total, ∼450 ng) was ligated to adaptor R (100 pmole) and a quarter of the sample was amplified by PCR with 60 pmole of primer R in a 50-µL reaction, using the following cycling conditions: 72°C for 5 min, then 20 amplification cycles (94°C for 20 sec, 68°C for 10 min), followed by final extension at 68°C for 10 min. The PCR product (1 µL) was subjected to a second round of PCR cycles for nine cycles. The amplified DNA was digested with Taq I and purified by the Qiaquick PCR purification kit (Qiagen). In parallel (con- trol subtraction), the same IGCR procedure was performed using 100 ng of Landsberg erecta DNA (with adenovirus DNA) and 10 µg of dephosphorylated Landsberg erecta DNA (with adenovirus DNA).
Hybridization with Arabidopsis EST Macroarray
Inserts of 11,520 EST (cDNA) clones from A. thaliana Columbia (Asamizu et al. 2000) were spotted, in duplicate, onto nylon membranes (8 ‫ן‬ 12 cm). As probes, DNA samples (100 ng) were labeled with ‫מ␣[‬ 32 P] dCTP (Amersham Biosciences; 3000 Ci/mmole) and purified through a G-50 spin column (Amersham Biosciences). The DNA was then mixed with sonicated pBluescript SK-vector (5 µg; Stratagene), poly(dA)-poly(dT)(5 µg) in 200 µL of 4 ‫ן‬ SSC, 0.1% SDS. The samples, after heat treatment (95°C for 5 min) and incubation (65°C for 30 min), were mixed with 14 mL of hybridization buffer (0.5 M Na 2 HPO 4 , pH7.2, 1 mM EDTA, 7% SDS). The hybridization buffer was divided into two lots (7 mL each), with each lot being used for the hybridization (65°C for 16 h) of two membranes of EST macro array (8 ‫ן‬ 12 cm). After hybridization, the filters were washed twice with 40 mM Na 2 HPO 4 (pH 7.2), 1 mM EDTA, 1% SDS at 65°C for 15 min, and once with 0.1 ‫ן‬ SSC, 0.2% SDS at 65°C for 30 min. The filters were exposed to an imaging plate (BAS2000; Fuji Film) for the detection of hybridized signals.
Figure 4
Southern hybridization analysis. Membranes that are essentially the same as shown in Figure 2 were subjected to Southern hybridization using EST clones as probes. Lane a, Taq I-digested Columbia genomic DNA (500 ng), lane b, Taq I-digested Landsberg erecta genomic DNA (500 ng) with a single copy adenovirus-2 DNA, lane c, control IGCR DNA sample (300 ng), and lane d, IGCR sample (300 ng). The numbers shown on each panel are those of the clones shown in panel B in Figure 3 . When restriction fragment length polymorphism (RFLP) DNA bands were clearly shown, the genomic regions corresponding to the RFLP bands for both Columbia and Landsberg erecta strains were PCR-amplified and the products were sequenced. The size (bp) of each pair of the RFLP fragments is indicated.
